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SPECIFIC INHIBITORS OF DNA METHYL 
TRANSFERASE 

This application claims the bene?t of US. provisional 
application No. 60/069,812, ?led Dec. 17, 1997. This appli 
cation is also a continuation-in-part of US. Ser. No. 09/194, 
284 ?led Jun. 10, 1999, noW abandoned (US. National 
Phase application of PCT/IB97/00879), ?led May 22, 1997, 
Which is a continuation-in-part of US. Ser. No. 08/653,954, 
?led May 22, 1996 and noW abandoned. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to modulation of gene expression. In 

particular, the invention relates to modulation of gene 
expression of the gene encoding DNA methyltransferase, 
and to modulation of gene expression that is regulated by the 
enZyme DNA methyltransferase. 

2. Summary of the Related Art 
Modulation of gene expression has become an increas 

ingly important approach to understanding various cellular 
processes and their underlying biochemical pathWays. Such 
understanding enriches scienti?c knoWledge and helps lead 
to neW discoveries of hoW aberrancies in such pathWays can 
lead to serious disease states. Ultimately, such discoveries 
can lead to the development of effective therapeutic treat 
ments for these diseases. 

One type of cellular process that is of particular interest is 
hoW the cell regulates the expression of its genes. Aberrant 
gene expression appears to be responsible for a Wide variety 
of inherited genetic disorders, and has also been implicated 
in numerous cancers and other diseases. Regulation of gene 
expression is a complex process, and many aspects of this 
process remain to be understood. One of the mysteries of 
this process resides in the fact that While the genetic infor 
mation is the same in all tissues that constitute a multicel 
lular organism, the expression of functions encoded by the 
genome varies signi?cantly in different tissues. 

In some cases, tissue-speci?c transcription factors are 
knoWn to play a role in this phenomenon. (See Maniatis et 
al., Science 236: 1237—1245 (1987); Ingarham et al., Annual 
RevieW of Physiology 52: 773—791 (1990). HoWever, sev 
eral important cases exist that cannot be readily explained by 
the action of transcription factors alone. For example, 
Midgeon, Trends Genet. 10: 230—235 (1994), teaches that 
X-inactivation involves the inactivation of an allele of a 
gene that resides on the inactive X-chromosome, While the 
allele on the active X-chromosome continues to be 
expressed. In addition, Peterson and SapienZa, Annu. Rev. 
Genet. 27: 7—31 (1993), describes “parental imprinting”, 
Where an allele of a gene that is inherited from one parent is 
active and the other allele inherited from the other parent is 
inactive. In both of these cases, both alleles exist in an 
environment containing the same transcription factors, yet 
one allele is expressed and the other is silent. Thus, some 
thing other than transcription factors must be involved in 
these phenomena. 

Investigators have been probing What type of “epigenetic 
information” may be involved in this additional control of 
the expression pattern of the genome. Holliday, Philos. 
Trans. R. Soc. Lond. B. Biol. Sci. 326: 329—338 (1990) 
discusses the possible role for DNA methylation in such 
epigenetic inheritance. DNA contains a set of modi?cations 
that is not encoded in the genetic sequence, but is added 
covalently to DNA using a different enZymatic machinery. 
These modi?cations take the form of methylation at the 5 
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2 
position of cytosine bases in CG dinucleotides. Numerous 
studies have suggested that such methylation may Well be 
involved in regulating gene expression, but its precise role 
has remained elusive. For example, Lock et al., Cell 48: 
39—46 (1987), raises questions about Whether the timing of 
hypermethylation and X-inactivation is consistent With a 
causal role for methylation. Similarly, Bartolomei et al., 
Genes Dev. 7: 1663—1673 (1993) and Brandeis et al., EMBO 
J. 12: 3669—3677 (1993), disclose timing/causation ques 
tions for the role of methylation in parental imprinting. 

Some of the shortcomings of existing studies of the role 
of DNA methylation in gene expression reside in the tools 
that are currently available for conducting the studies. Many 
studies have employed 5-aZaC to inhibit DNA methylation. 
HoWever, 5-aZaC is a nucleoside analog that has multiple 
effects on cellular mechanisms other than DNA methylation, 
thus making it dif?cult to interpret data obtained from these 
studies. Similarly, 5 -aZadC forms a mechanism based inhibi 
tor upon integration into DNA, but it can cause trapping of 
DNA methyltransferase (MTase) molecules on the DNA, 
resulting in toxicities that may obscure data interpretation. 

More recently, SZyf et al., J. Biol. Chem. 267: 
12831—12836 (1995), discloses a more promising approach 
using expression of antisense RNA complementary to the 
DNA MTase gene to study the effect of methylation on 
cancer cells. SZyf and Von Hofe, PCT/US94/13685 (1994), 
discloses the use of antisense oligonucleotides complemen 
tary to the DNA MTase gene to inhibit tumorigenicity. These 
developments have provided poWerful neW tools for probing 
the role of methylation in numerous cellular processes. In 
addition, they have provided promising neW approaches for 
developing therapeutic compounds that can modulate DNA 
methylation. One limitation to these approaches is that their 
effect is not immediate, due to the half life of DNA MTase 
enZyme. Thus, although the expression of DNA MTase is 
modulated, residual DNA MTase enZyme can continue to 
methylate DNA until such residual enZyme is degraded. 
There is, therefore, a need for neW inhibitors of DNA MTase 
enZyme Which are effective at inhibiting methylation, but 
Without the toxic side effects of the earlier mechanism-based 
inhibitors. 

BRIEF SUMMARY OF THE INVENTION 

The invention provides novel inhibitors of DNA MTase 
enZyme and methods for using such inhibitors as analytical 
and diagnostic tools, as potentiators of transgenic plant and 
animal studies and gene therapy approaches, and as potential 
therapeutic agents. 

In a ?rst aspect, the invention provides novel hairpin 
oligonucleotide inhibitors of DNA methyltransferase (DNA 
MTase) enZyme. The normal substrate for DNA MTase is a 
hemimethylated double stranded DNA molecule having a 
CG dinucleotide opposite a 5-methyl CG dinucleotide, e.g., 
in a hairpin forming oligonucleotide. Methylation occurs at 
the 5-position of the cytosine base in the CG dinucleotide. 
The present inventors have discovered that substitution of 
the CG dinucleotide With a phosphorothioate IG, UG, 
5-bromocytosineG, 5-?uorocytosineG, abasicG or CG 
dinucleotide in a hairpin forming oligonucleotide results in 
a poWerful mechanism-based inhibitor of DNA MTase. 
Thus, inhibitors according to this aspect of the invention 
have the general structure: 
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wherein each N is independently any nucleotide, n is a 
number from 0—20, C is 5-methylcytidine, G is guanidine, y 
is a number from 0—20, L is a linker, each D is a nucleotide 
that is complementary to an N such that Watson-Crick base 
pairing takes place betWeen that D and the N such that the 
Nn-C-G-Ny and the Dn-G-B-Dy form a double helix, B is 
cytosine, inosine, uridine, 5-bromocytosine, abasic 
deoxyribose, or 5-?uorocytosine, dotted lines betWeen 
nucleotides represent hydrogen bonding betWeen the 
nucleotides, the linkage betWeen G and B is a phospho 
rothioate or phosphorodithioate linkage and the total number 
of nucleotides ranges from about 10 to about 50. In one 
preferred embodiment, L is an oligonucleotide region having 
from 1 to about 10 nucleotides. DNA MTase inhibitors 
according to this aspect of the invention bind DNA MTase 
enZyme avidly in a noncovalent manner and inhibit DNA 
MTase in an S-adenosylmethionine (SAM)-independent 
manner. 

In a second aspect, the invention provides inhibitors of 
DNA MTase enZyme Which also inhibit-the expression of 
the DNA MTase gene. Inhibitors according to this aspect of 
the invention have the general structure: 

Wherein the substituents are the same as for inhibitors 

according to the ?rst aspect of the invention, except that X 
is an antisense oligonucleotide of from about 10 to about 50 
nucleotides in length, Which is complementary to a portion 
of an RNA encoding DNA MTase enZyme, and L can 
optionally be X. 

In a third aspect, the invention provides a diagnostic 
method for determining Whether a particular sample of cells 
is cancerous. The method according to this aspect of the 
invention comprises preparing an extract from the cells in 
the cell sample, adding labeled inhibitor according to the 
invention, measuring the extent of formation of a complex 
betWeen the labeled inhibitor and DNA MTase enZyme, 
normaliZing the level of such complex formation to the 
number of cells represented in the sample to obtain a 
normaliZed complex formation value, and comparing the 
normaliZed complex formation value to a normaliZed com 
plex formation value for non-cancerous and/ or cancerous 
cell samples. In a preferred embodiment, the extract is a 
nuclear extract. Because cancer cells express DNA MTase at 
much higher levels than do non-cancerous cells, the com 
parison of the normaliZed complex formation values is 
diagnostic for Whether the cell sample is cancerous. 

In a fourth aspect, the invention provides methods for 
inhibiting tumorigenesis comprising administering to an 
animal, including a human, inhibitors according to the 
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4 
invention. In the method according to this aspect of the 
invention a therapeutically effective amount of an inhibitor 
according to the invention is administered for a therapeuti 
cally effective period of time to an animal, including a 
human, Which has cancer cells present in its body. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic representation shoWing inhibi 
tion of DNA MTase enZyme by certain preferred embodi 
ments of DNA MTase enZyme inhibitors having the 
sequences of SEQ ID NO: 13 and SEQ ID NO: 4 according 
to the invention. 

FIGS. 2A—2D are representations of autoradiographs 
(panels A, B and D) and Western blots (panel C) in an 
experiment to identify complex formation betWeen DNA 
MTase inhibitors and DNA MTase enZyme. Complex for 
mation Was reversed by boiling, and Was independent of 
SAM. 

FIG. 3 are representations of Western blots shoWing that 
the complex formation betWeen DNA MTase inhibitors and 
DNA MTase enZyme is completed Within 30 minutes. 

FIG. 4 are representations of Western blots, panelAshoWs 
results of complex formation studies in Which nuclear 
extracts Were incubated With labeled oligonucleotide sub 
strate (C) or inhibitor (I or U), folloWed by addition of a 
100-fold excess of unlabeled substrate or inhibitor. Panel B 
shoWs results of complex formation studies in Which nuclear 
extracts Were incubated With 50 pM unlabeled oligonucle 
otide substrate (C), inhibitor (I or U), or With natural 
hemimethylated DNA substrate (HM) folloWed by addition 
of 0.5 pM labeled substrate or inhibitor. 

FIG. 5 is a representation of a blot shoWing time 
dependent cellular uptake of a preferred embodiment of 
DNA MTase enZyme inhibitors according to the invention. 

FIG. 6 is a diagrammatic representation shoWing dose 
dependent inhibition of soft agar colony formation by Y1 
cells treated With antisense oligonucleotides complementary 
to DNA MTase coding sequence. 

FIGS. 7A—7B are diagrammatic representations shoWing 
reduction in tumor siZe in tumor bearing mice treated With 
antisense oligonucleotides complementary to DNA MTase 
coding sequence. 

FIG. 8 are representations of blots shoWing the intracel 
lular localiZation in the nucleus of hemimethylated-hairpin 
substrate of DNA Mtase 1 hour post treatment (Panel A), 4 
hours post treatment (Panel B), and 24 hours post treatment 
(Panel C). 

FIG. 9 is a diagrammatic representation shoWing inhibi 
tion of DNA MTase activity in cells treated With the hemi 
methylated test inhibitor having the sequence of SEQ. ID. 
NO. 13 at a concentration of 100 nM. 

FIG. 10 is a diagrammatic representation shoWing an 
overall reduction in the percentage of non-methylated CG 
dinucleotides in DNA MTase inhibitor-treated cells as com 
pared to untreated cells. 

FIG. 11 is a diagrammatic representation shoWing a 
dose-dependent reduction in groWth on soft agar observed 
folloWing treatment With DNA MTase enZyme inhibitors 
according to the invention. 

FIG. 12 is a diagrammatic representation shoWing a 
dose-dependent reduction in cell number folloWing treat 
ment With DNA MTase enZyme inhibitors according to the 
invention. 

FIG. 13 is a diagrammatic representation of a gel shift 
assay shoWing the binding of human DNA MTase to the 
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MTase enzyme inhibitors (SEQ ID NO: 13 and SEQ ID NO: having the following nucleotide sequences (hydrogen bond 
4) according to the present invention. ing not shown); 

SEQ. ID. NO. 1 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The invention relates to modulation of gene expression. In 
particular, the invention relates to modulation of gene 
expression of the gene encoding DNA methyltransferase, 
and to modulation of gene expression that is regulated by the 
enZyme DNA methyltransferase. The patents and publica 

SEQ. ID. NO. 2 

tions identi?ed in this speci?cation are Within the knoWledge 
of those skilled in this ?eld and are hereby incorporated by 
reference in their entirety. SEQ. ID. NO. 3 

In 

The invention provides novel inhibitors of DNA MTase 15 
enZyme and methods for using such inhibitors as analytical 
and diagnostic tools, as potentiators of transgenic plant and 
animal studies and gene therapy approaches, and as potential 
therapeutic agents. 

SEQ. ID. NO. 4 

In a ?rst aspect, the invention provides novel hairpin 20 
oligonucleotide inhibitors of DNA methyltransferase (DNA 
MTase) enZyme. SEQ. ID. NO. 5 

As used herein, “DNA methyltransferase” is a protein 
Which is capable of methylating a particular DNA sequence. 

cm 
m c-.-G MET GHn m C---G 

In a preferred embodiment, the normal substrate for DNA 25 
MTase is a hemimethylated double stranded DNA molecule 
having a CG dinucleotide opposite a S-methyl CG SEQ. ID. NO. 6 

dinucleotide, e.g., in a hairpin forming oligonucleotide, and 
methylation occurs at the 5-position of the cytosine base in 
the CG dinucleotide. Most preferably, the DNA methyltrans- 3O 
ferase is mammalian DNA methyltransferase or M.SssI 
DNA methyltransferase. 

SEQ. ID. NO. 7 

35 

The present inventors have discovered that substitution of 
the CG dinucleotide With a phosphorothioate IG, UG, 
S-bromocytosineG, S-?uorocytosineG, abasicG, or CG 

SEQ. ID. NO. 8 
dinucleotide in a hairpin forming oligonucleotide results in 
a poWerful mechanism-based inhibitor of DNA MTase. 
Thus, inhibitors according to this aspect of the invention 
have the general structure: 

SEQ. ID. NO. 9 

SEQ. ID. NO. 10 45 

Wherein each N is independently any nucleotide, n is a 
number from 0—20, C is S-methylcytidine, G is guanidine, y 
is a number from 0—20, L is a linker, each D is a nucleotide 
that is complementary to an N such that Watson-Crick base 

SEQ. ID. NO. 11 pairing takes place betWeen that D and the N such that the 50 m 
Nn-C-G-Ny and the Dn-G-B-Dy form a double helix, B is 5LCTGAACGCG-A 
cytosine, inosine, uridine, S-bromocytosine, abasic 
deoxyribose, or S-?uorocytosine, dotted lines betWeen 
nucleotides represent hydrogen bonding betWeen the SEQ. ID. NO. 12 

nucleotides, the linkage betWeen G and B is a phospho- 55 
rothioate or phosphorodithioate linkage and the total number 
of nucleotides ranges from about 10 to about 50. In one 
particularly preferred embodiment, L is a nucleoside or an 

SEQ. ID. NO. 13 
oligonucleotide region having from 2 to about 10 nucle 
otides. Preferably, the indicated CG and GB and about 2 60 
?anking nucleotides on either side are deoxyribonucleo 
sides. DNA MTase inhibitors according to this aspect of the 

SEQ. ID. NO. 14 invention bind DNA MTase enZyme avidly in a noncovalent 
manner and inhibit DNAMTase in an S-adenosylmethionine 
(SAM)-independent manner. 65 

Examples of certain preferred DNA MTase inhibitors 
according to this aspect of the invention include those 
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5 '-CATCTGCCATTCCCACTCTAICIGICGA 
) wherein C is cytidine, T is thymidine, A is adenosine, G is 

guanine, In is a methyl group at the 5-position of cytosine, 
SEQ- ID- NO- 27 B is cytosine, inosine, uridine, S-bromocytidine, or 

5I_CATCTGCCATTCCCACTCTAI%GCGA 55 S-?uorouridine, X is any base and is S-?uorocytosine, and 
) wherein the methyl acceptor site Is a phosphorothIoate or 

3'-GUGAA phosphorodithioate dinucleoside. As the methyl group is not 
SEQ ID_ NO 28 actually transferred, '“methyl~ acceptor site” means the 

In dmucleosIde Which Is substItuted for the natural CG 

5'-CATCTGCCATTCCCACTCTAQEPGA) 60 dinucleoside Which Would have been the methyl acceptor I I I site. 
3 'GFGAA From the foregoing, those skilled in the art Will recogniZe 

SEQ- ID- NO- 29 that the overall sequence of the oligonucleotide inhibitor of 
In DNA MTase is not critical, so long as it is capable of 

65 forming a hairpin oligonucleotide in Which one strand has a 
S-methylCG dinucleotide and the other strand has, opposite 
the S-methylCG dinucleotide, an IG, UG, 

5 '-CATCTGCCATTCCCACT CT AICIGICGA) 
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5-bromocytosineG, abasicG, 5-?uorocytosineG or CG 
dinucleoside phosphorothioate or phosphorodithioate, pref 
erably With both nucleosides being deoxyribonucleosides. In 
a preferred embodiment, seven or more consecutive 
nucleosides, including the methyl acceptor site, are phos 
phorothioate linked. Preferably, When tWo or more CG 
dinucleosides are present, they are spaced apart, rather than 
being in tandem. Where tWo or more CG dinucleosides are 
present, it is preferred that at least the CG dinucleoside 
furthest from the linker be a phosphorothioate or phospho 
rodithioate dinucleoside. In certain embodiments, tWo or 
more CG dinucleosides, or at least one CG and one TG 

nucleoside, are preferred. In such embodiments, the CG 
furthest from the linker is generally opposite the methyl 
acceptor site. It is preferred that at least one nucleoside on 
the strand Which does not contain the methyl acceptor site be 
methylated, most preferably being a methylcytosine or a 
thymidine nucleoside. Where such nucleoside is opposite 
the G of the methyl acceptor site, methylcytosine is particu 
larly preferred. Preferably the hairpin structure contains at 
least three base pairs, more preferably at least 6, and most 
preferably at least 12. 

For purposes of the invention, the term “oligonucleotide” 
includes polymers of tWo or more deoxyribonucleotide, 
ribonucleotide, or 2‘-O-substituted ribonucleotide 
monomers, or any combination thereof- Such monomers 
may be coupled to each other by any of the numerous knoWn 
internucleoside linkages. In certain preferred embodiments, 
these internucleoside linkages may be phosphodiester, 
phosphotriester, phosphorothioate, or phosphoramidate 
linkages, or combinations thereof. In a particularly preferred 
embodiment the monomers are coupled by one or more 
phosphorothioate linkages. 

The term oligonucleotide also encompasses such poly 
mers having chemically modi?ed bases or sugars and/ or 
having additional substituents, including Without limitation 
lipophilic groups, intercalating agents, diamines and ada 
mantane. For purposes of the invention the term “2‘-O 
substituted” means substitution of the 2‘ position of the 
pentose moiety With an —O-loWer alkyl group containing 
1—6 saturated or unsaturated carbon atoms, or With an 
—O-aryl or allyl group having 2—6 carbon atoms, Wherein 
such alkyl, aryl or allyl group may be unsubstituted or may 
be substituted, e.g., With halo, hydroxy, tri?uoromethyl, 
cyano, nitro, acyl, acyloxy, alkoxy, carboxyl, carbalkoxyl, or 
amino groups; or such 2‘ substitution may be With a hydroxy 
group (to produce a ribonucleoside), an amino or a halo 
group, but not With a 2-H group. 

Inhibitors according to the invention may conveniently be 
synthesiZed on a suitable solid support using Well knoWn 
chemical approaches, including H-phosphonate chemistry, 
phosphoramidite chemistry, or a combination of 
H-phosphonate chemistry and phosphoramidite chemistry 
(i.e., H-phosphonate chemistry for some cycles and phos 
phoramidite chemistry for other cycles). Suitable solid sup 
ports include any of the standard solid supports used for 
solid phase oligonucleotide synthesis, such as controlled 
pore glass (CPG). (See, e.g., Pon, Methods in Molec. Biol. 
20: 465 (1993)). 
DNA MTase inhibitors according to the invention are 

useful for a variety of purposes. For example, they can be 
used as “probes” of the physiological function of DNA 
MTase by being used to inhibit the activity of DNA MTase 
in an experimental cell culture or animal system and to 
evaluate the effect of inhibiting such DNA MTase activity. 
This is accomplished by administering to a cell or an animal 
a DNA MTase inhibitor according to the invention and 
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observing any phenotypic effects. In this use, DNA MTase 
inhibitors according to the invention are preferable to tra 
ditional “gene knockout” approaches because they are easier 
to use and can be used to inhibit DNA MTase activity at 
selected stages of development or differentiation. Thus, 
DNA MTase inhibitors according to the invention can serve 
as probes to test the role of DNA methylation in various 
stages of development. 
DNA MTase inhibitors according to the invention are 

useful as diagnostic probes for Whether a cell sample is 
cancerous, as described in detail elseWhere in this speci? 
cation. In addition, DNA MTase inhibitors according to the 
invention are useful for in vivo imaging of cancer cells. 
Since cancer cells have elevated levels of DNA MTase and 
normal cells do not, DNA MTase inhibitors according to the 
invention Will form stable complexes With DNA MTase in 
cancer cells, but not in normal cells. Thus, appropriate 
labeling of DNA MTase inhibitors With an imaging agent, 
e.g., technecium, Will result in localiZation of the label at the 
site of the cancer cells. This effect may be enhanced by using 
DNA MTase inhibitors Which are unstable (e.g., oligonucle 
otide phosphodiesters) or rapidly cleared (e.g., oligonucle 
otide methylphosphonates) in the absence of complex 
formation, thus reducing background noise. 

Finally, DNA MTase inhibitors according to the invention 
are useful in therapeutic approaches to cancer and other 
diseases involving suppression of gene expression. The 
anti-cancer utility of DNA MTase inhibitors according to the 
invention is described in detail elseWhere in this speci?ca 
tion. In addition, DNA MTase inhibitors according to the 
invention may be used to activate silenced genes to provide 
a missing gene function and thus ameliorate disease symp 
toms. For example, the diseases beta thalassemia and sickle 
cell anemia are caused by aberrant expression of the adult 
beta globin gene. Most individuals suffering from these 
diseases have normal copies of the fetal gene for beta globin. 
HoWever, the fetal gene is hypermethylated and is silent. 
Activation of the fetal globin gene could provide the needed 
globin function, thus ameliorating the disease symptoms. 

For therapeutic use, DNA MTase inhibitors according to 
the invention may optionally be formulated With any of the 
Well knoWn pharmaceutically acceptable carriers or diluents. 
This formulation may further contain one or more additional 
DNA MTase inhibitors according to the invention. 
Alternatively, this formulation may contain one or more 
anti-DNA MTase antisense oligonucleotide or it may contain 
any other pharmacologically active agent. 

In a second aspect, the invention provides inhibitors of 
DNA MTase enZyme Which also inhibit the expression of the 
DNA MTase gene. Inhibitors according to this aspect of the 
invention have the general structure: 

Wherein the substituents are the same as for inhibitors 
according to the ?rst aspect of the invention, except that X 




































